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Antibody.mediated injury to proximal tubules in Heymann
nephritis. To evaluate the hypothesis that antibody-mediated
damage to proximal tubules (PT) could be a feature of Heymann
nephritis (HN), we studied the kidneys of rats in different stages
of the disease by light, immunofluorescence (IF), transmission,
and scanning electron microscopy. The observations of morphol-
ogy were correlated with titers of circulating antibodies directed
against the brush border (BB) and with proteinuria. Antibody
titers reached a maximum 5 to 7 weeks after immunization with
FxIA, coincident with the onset of proteinuria. IgG and C3 were
deposited along the BB of PT in all animals within the first week
of proteinuria. BB antibodies were present in the urine of those
rats. As antibody titers declined, a decrease in the extent of in
vivo IgG deposition along the BB was also noted. The results of
indirect IF tests, by using BB antibodies on kidneys of rats with
HN of 3 to 4 months' duration, suggested extensive loss of the
BB antigen(s) from the PT. Numerous granular deposits of IgG
were present along the basement membrane of PT at that time.
Study of kidney histology revealed that deposition of IgG and C3
along the BB of PT was associated with extensive loss of micro-
villi, as well as degeneration and proliferation of PT cells. Sub-
epithelial electron-dense deposits were present along the base-
ment membrane of PT. In rats with HN of more than 4 months'
duration, with little or no circulating BB antibodies and per-
sistent proteinuria, IgO and C3 were found in minimal amounts
along BB. Examination by light and electron microscopy pro-
vided evidence of partial recovery of PT lesions in those kidneys.
Rats with similar proteinuria resulting from chronic serum sick-
ness did not have similar abnormalities of PT. These observa-
tions are consistent with the interpretation that, in rats with HN,
BB antibodies induce cytotoxic injury to PT.
Lesions des tubules proximaux a mediation par anticorps dans
Ia néphrite de Heymann. Pour évaluer l'hypothèse scion laquelle
des lesions des tubes proximaux (PT) ayant des anticorps comme
médiateurs pourraient être une caracteristique de la néphrite de
Heymann (HN), des reins de rats a différentes étapes de Ia mal-
adie ont été étudids en microscopic photonique, d'immu-
nofluorescence (IF), electronique a transmission, et a ba-
layage. Les observations morphologiques ont été corrélées avec
les titres d'anticorps circulants dirigCs contre Ia bordure en
brosse (BB) et avec la protéinurie. Lestitres d'anticorps ont at-
teint un maximum 5 a 7 semaines après l'immunisation avec
FxlA, en coincidence avec l'installation de Ia protCinurie. IgG et
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C3 dtaient déposés Ic long de BB du tube proximal chez tous les
animaux dans Ia premiere semaine de Ia protéinurie. Des anti-
corps anti BB Ctaient presents dans l'urine de ces rats. Au fur et
a mesure que les titres d'anticorps ont baissé, il a etC observe
une diminution des dépôts d'IgG in vivo Ic long de BB. Les ré-
sultats des tests IF indirects, utilisant des anticorps anti BB sur
les reins de rats atteints de HN depuis 3 a 4 mois, suggCrent une
perte importante des antigene(s) de BB du tube proximal. De
nombreux dépôts granulaires d'IgG sont observes le long de Ia
membrane basale du tube proximal a cc stade. L'Ctude de
l'histologie rénale révèle que le dépôt d'IgG et de C3 le long de
BB du tube proximal est associC a une perte importante de mi-
crovillositCs et a Ia dégénérescence et Ia proliferation des ccl-
lules du tube proximal. Des dépôts denses sous-epitheliaux ont
été observes Ic long de la membrane basale du tube proximal.
Chez les rats atteints de HN depuis plus de 4 mois, avec peu ou
pas d'anticorps anti BB circulants et une protCinurie persistante,
de l'IgG et du C3 ont été observes en quantites faibles le long de
BB. L'examen en microscopie photonique et electronique a
montré des signes de rdcupCration partielle des lesions du tube
proximal. Les rats ayant une protCinurie semblable, con-
sequence d'une maladie sérique chronique, n'ont pas ces anoma-
lies du tube proximal. Ces observations sont compatibles avec
l'interpretation selon laquelle chez les rats atteints de HN les
anticorps anti BB produisent des lesions cytotoxiques du tube
proximal.
For many years, Heymann nephritis (HN) in the
rat has been considered a valuable experimental
model of membranous nephropathy in man. The
glomerular immunopathology that follows immuni-
zation of rats with homologous renal cortical ex-
tract has been studied in detail [1—16]. The disease
appears to be mediated by autoantibodies directed
against antigen(s) present along the brush border
(BB) of proximal tubules (PT) of the kidney. These
autoantibodies can be demonstrated in the circula-
tion of rats with HN and are found together with BB
antigen and complement (C) in the immune deposits
present at the epithelial side of the glomerular base-
ment membrane (BM) [2—5, 7].
Histologic abnormalities of PT, including dis-
appearance of microvilli, cellular atrophy, in-
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creased number of lysosomes, and presence of cells
in the lumen, have been reported occasionally [17,
18]. Evidence that these changes might be the con-
sequence of interaction in vivo of BB antibodies
with the microvilli of cells of PT was first provided
by Kiassen et al [19]. These authors showed that rat
IgG, presumably autoantibody, was bound to the
luminal side of PT in all rats sacrificed 6 weeks after
immunization with rat kidney homogenate. Damage
of PT was apparent in the form of nuclear hyper-
chromatism, vacuolization of epithelial cell cyto-
plasm, and loss of periodic acid-Schiff staining of
BB. More recent reports are somewhat at variance
with these findings. In the view of some investiga-
tors, the deposition in vivo of IgG along the BB of
PT in rats with HN is observed only occasionally
[10, 18]. Others have stated that neither pathology
nor immune deposits are detectable in tubules of
rats with HN, studied 3 months after immunization
[20].
In the present study, the observations of immu-
nopathology of the kidney during the course of HN
were related to the titer of circulating BB antibody
and to the duration of proteinuria. The results ob-
tained are in agreement with the hypothesis that, in
rats with HN, BB antibodies react with the BB of
PT and induce local cytotoxic damage.
Methods
Animals. Female Lewis rats (Charles River
Breeding Labs, Wilmington, Massachusetts), each
weighing 125 to 150 g, were used. They were al-
lowed free access to water and rat pellets (Charles
River Rat Formula, Agway, Syracuse, New York).
Induction of Heymann nephritis. HN was in-
duced in five groups of rats, totaling 60 animals. A
cortical extract, called FxlA, was prepared from rat
kidneys (PelFreeze Biologicals, Rogers, Arkansas)
according to the method described by Edgington,
Glassock, and Dixon [3]. Each rat was immunized
with 10 mg of Fx1A in 0.25 ml of an emulsion com-
posed of equal parts of saline and complete
Freund' s adjuvant (Difco Laboratories, Detroit,
Michigan) to which 0.5 mg of Mycobacterium bu-
tyricum (Difco Laboratories) was added. The anti-
genic preparation was injected into the footpads of
the hind legs. Twenty-eight days later, a second in-
jection of the same antigenic preparation was ad-
ministered to the footpads of the front legs.
Rats treated with complete Freund's adjuvant
on/v. Ten rats were immunized as described above;
the preparation used, however, did not contain
FxlA.
Untreated rats. Urinary protein excretion and
kidney immunohistology were studied in six rats
that were kept in our animal facility from the age of
6 weeks and were sacrificed at the same age as rats
in stage 4 of HN (see Results section).
Induction of chronic serum sickness (CSS) ne-
phritis. Sixteen rats were chronically immunized
with bovine serum albumin (BSA) (Cohn fraction
V, Miles Laboratories, Kankakee, Illinois) accord-
ing to a scheme reported earlier [21], resulting in the
development of CSS nephritis.
Immunofluorescence (IF) microscopy. Kidney
tissue obtained by biopsy or at sacrifice by right uni-
lateral nephrectomy was examined for rat IgG, C3,
and albumin, and for BSA by direct IF tests accord-
ing to methods described in a previous publication
[22]. FITC-conjugated rabbit antisera to rat IgG and
BSA and FITC-conjugated goat antisera to rat C3
and albumin were purchased from Cappel Labora-
tories, Downingtown, Pennsylvania. They were
found to be monospecific by immunoelectro-
phoresis as well as by immunodiffusion. The extent
of IgG deposition was judged on a scale from 0 to 3
(Table 2).
Indirect IF tests were performed to determine the
titer of circulating BB antibodies (Figs. I and 2) and
the presence of these antibodies in the urine of rats
with HN. Frozen sections of normal rat kidney
were fixed for 15 mm in acetone. They were then
incubated with either serial dilutions of serum or
with undiluted urine, followed by incubation with
FITC-labeled rabbit antiserum to rat IgG. The titer
of circulating antibodies was expressed as log2 val-
ues of the highest serum dilution that gave an un-
equivocal positive reaction.
Light microscopy. For an optimal fixation, the
rats were lightly anesthetized, the right kidney was
quickly removed, and the left kidney was fixed in
situ by perfusion with 1% glutaraldehyde in modi-
fied Tyrode buffer [23, 24].
For semiquantitative analysis by light micros-
copy, 1-mm3 fragments of the outer cortex of the
perfused kidney were fixed for an additional 6 to 20
hours in 1% glutaraldehyde at 4° C. After post-
fixation in 1% osmium tetroxide, the fragments
were embedded individually in Epon 8 12-Araldite.
For each animal, two plastic-embedded fragments
were chosen randomly. From each fragment, a
0. 5k-thick section was stained with methylene blue
(1 g of methylene blue, 1 g of Azure II, and 1 g of
sodium borate dissolved in 100 ml of distilled water)
and viewed at a magnification of x 450. The two sec-
tions were read by two observers who were un-
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aware of the treatment the rats had received. The
semiquantitative analysis included the following pa-
rameters:
(a) Damage of the BB of PT (Table 3). In each of
the two sections, 25 PT present in one high-power
field were judged for loss of BB, expressed as the
percentage of BB absent in an individual tubule.
The figures listed in Table 3 were obtained from
cross as well as obliquely sectioned PT; when the
two populations were analyzed separately, results
were the same. The percentage of tubules with 0 to
25% loss of BB were used for the statistical analysis
of differences between the various groups of rats.
(b) Number of apical vesicles and the severity of
interstitial cellular infiltration (Table 4). In each of
the two sections, all PT and the interstitium present
in one high-power field were evaluated. The number
of apical vesicles was judged on a scale from 0 to 4,
of which 3 represents the value for rats treated with
complete Freund's adjuvant only. The severity of
interstitial cellular infiltration was judged on a scale
from 0 to 3.
(c) Number of cells in the lumen of PT. In each of
the two sections, the cells were counted in five con-
secutive high-power fields, and the mean number of
cells per field was calculated.
All kidneys fixed by in situ perfusion were exam-
ined by light microscopy (Tables 3 and 4).
To determine whether the sections of the plastic
embedded tissue were representative, we fixed ad-
ditional fragments of cortical tissue for routine light
microscopy in 10% formalin and embedded them in
paraffin. Sections 3-pS-thick were stained with he-
matoxylin-eosin and periodic acid-Schiff reagent.
Electron microscopy. Kidney tissue fixed in situ
by perfusion with glutaraldehyde was postflxed in
1% osmium tetroxide and embedded in Epon 812-
Araldite [25]. All kidneys fixed by in situ perfusion
and studied by light microscopy were also exam-
ined by electron microscopy. Thin sections stained
with lead hydroxide and uranyl acetate were exam-
ined with an electron microscope (JEOL 6C or Sie-
mens 101).
For scanning electron microscopy, blocks of re-
nal tissue fixed in situ were immersed for 24 hours
in 1% glutaraldehyde, dehydrated through graded
alcohols, and dried by the critical point method
[26], with a critical point drying system (Sorvall,
model number 49300). The tissue was mounted on
stubs and coated with gold plate by a Sputterer
(model PE-5000, International Scientific In-
struments, Santa Clara, California). The specimens
were viewed in a scanning electron microscope
(JEOL JSM-U3) operating at 25 kV. Identification
of PT was sometimes difficult in kidneys of rats with
HN. Tubules were assumed to be PT only when at
least some areas with recognizable BB were ob-
served. Eight kidneys from rats in stage 2 of HN,
judged by light and immunofluorescence micros-
copy to be representative, were studied by scanning
electron microscopy. Three normal kidneys were
also examined.
Measurement of proteinuria and glucosuria. For
the calculation of the 24-hour urinary protein excre-
tion, urine was collected overnight in metabolism
cages, allowing the rats access to water but not to
food. A Biuret test was performed to determine the
amount of protein in the urine sample.
Presence or absence of glucosuria was deter-
mined by Combistix reagent strips (Ames Compa-
ny, Elkhart, Indiana).
Statistics. The Mann-Whitney U test was used
for statistical evaluation of data obtained by light
and immunofluorescence microscopy (see Tables 2,
3, and 4).
Results
Observations on rats with Heymann nephritis
Antibody response and clinicalfeatures. The titer
of circulating BB antibodies and the amount of pro-
tein excreted in the urine during the course of RN is
depicted in Fig. 1 (see also Table 1). It may be seen
that proteinuria (more than 25 mg of protein ex-
creted per 24 hours) was first detected just prior to
the maximum antibody response. Proteinuria
reached a plateau about 9 weeks after the initial im-
munization with FxlA, but the antibody titer pro-
gressively declined. BB antibodies could be demon-
strated in the urine of all 18 rats tested within the
first weeks of proteinuria. Glucosuria was never ob-
served during the course of HN.
Division of the course of Heymann nephritis in
four stages. To evaluate the development of the im-
munopathologic and histologic lesions in the kid-
ney, we divided the course of HN into four stages
according to the duration of proteinuria (Fig. 1): In
the first stage, following the initial immunization
with FxlA, the rats did not have proteinuria. The
second stage consisted of the initial 6 weeks of
proteinuria; during this period, the titer of circulat-
ing BB antibodies reached its maximum. In the third
stage, rats had been proteinuric for 6 to 12 weeks.
In the fourth stage, proteinuria had lasted for more
than 12 weeks; in this phase, circulating antibodies
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Fig. 1. The mean value of the titer of circulating brush border (BB) antibodies and of protein excretion in the urine calculated for each of
the various groups of rats with Heymann nephritis (HN) (Table 1) every week following the first immunization with FxlA. In this figure,
the mean of the means of all the groups are plotted. Although there were differences in the number of animals in each group, the
differences in size of groups was small. Estimations of the mean values of antibody titer and proteinuria at each week using individual
values for the entire batch of animals gave the same results. There is never more than a 5% difference in the means calculated by either
method. The standard error of the means estimated by pooling all the individual values was, however, approximately half the error
obtained by taking the means of group means. Group means have been used for this illustration to emphasize the uniformity that was
observed in the pattern of response from one group of animals with HN to another.
had become undetectable or were present only at
low titer in the circulation.
Studies by immunofluorescence microscopy. In
stage 1, very fine granular deposits of rat IgG were
observed along the glomerular capillary wall. In
stage 2, rat IgG deposits along the glomerular capil-
lary wall were heavier and coarser than had been
observed in stage 1. The pattern of IgG deposition
in glomeruli became increasingly coarsely granular
in stage 3 and appeared ribbon-like in stage 4 of HN
(Figs. 3, 4, and 6).
The observations on extraglomerular localization
of IgG during the course of HN are summarized in
Table 2. In stage 2, immediately after the onset of
proteinuria, IgG was bound to the BB of PT in
every rat tested (Fig. 3). Although in stage 2 the IgG
had a uniform distribution, in stage 3 a patchy bind-
ing of IgG to the BB was observed (Fig. 4). There
Table!. Numberof observations used for Fig. l
N of groups/total N of rats N of groups/total N of rats
Weeks after
initial
contributing to mean
Weeks after
initial
contributing to mean
Antibody Antibody
immunization titer Proteinuria immunization titer Proteinuria
1 5/40 4/38 13 5/30 3/16
2 5/55 4/28 14 5/35 5/28
3 5/56 5/52 15 3/15 5/31
4 5/52 5/53 16 5/28 4/23
5 5/48 5/25 17 5/24 2/15
6 5/45 5/45 18 4/24 3/19
7 4/42 5/46 19 4/24 2/10
8 5/36 5/45 20 4/25 3/21
9 4/30 5/40 21 3/17 2/12
10 5/34 4/31 22 3/17 0
11 5/39 4/26 23 2/8 2/16
12 5/38 5/32 24 1/14 1/16
Listed are the number (N) of groups and the total number of rats immunized with Fx IA used to determine the means plotted in Fig. 1.
Tests for antibody titer and proteinuria were not always performed for all available rats. This explains the discrepancies in the numbers
presented in the columns for antibody titer and proteinuria.
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Fig. 2. An acetone-fixed section of frozen kidney cortex of a normal rat, incubated first with serum of a rat in stage 1 of Heymann
nephritis, followed by staining with a [luoresceinated antiserum to rat IgG. There is binding of IgG only to the brush border of proximal
tubules. (X150)
Fig. 3. Section offrozen kidney of a rat in stage 2 of Heymann nephritis stained by the direct immunofluorescence technique for rat IgU.
IgG is present along the glomerular capillary wall and the brush border of proximal tubules. (X500) Inset A section of kidney of the
same rat stained for rat C3. The pattern of staining is similar to that of IgG. (X500)
Fig. 4. Kidney section from a rat in stage 3 of Heymann nephritis stained by the direct immunofluorescence technique for rat IgG. Coarse
granular deposits of IgG are seen along the glomerular capillary wall and along the basement membrane of proximal tubules. There
is little staining of the brush border. (x500)
Fig. 5. Section oft/ic same kidney as shown in Fig. 4, first incubated with a rat antiserum to brush border, jllowed by staining with a
fluoresceinated antiserum to rat IgG. There is no significant increase in the extent of staining of the brush border. (x500)
was little or no increase in IgG binding when kidney
sections were tested for the presence of BB antigen
by indirect IF technique, by using a high titered rat
antiserum to BB (cf. Figs. 4 and 5). Compared with
stage 3, in stage 4 a decrease in the extent of in vivo
binding of IgG to the BB was observed (P <0.02)
(Fig. 6). A near normal pattern of IgG binding was
seen, however, when kidney sections of rats in
stage 4 were tested for the presence of BB antigen
(Fig. 7). IgG was also seen in a granular pattern
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Fig. 6. Kidney section from a rat in stage 4 of Heymann nephritis stained by the direct immunofluorescence technique for rat IgG.
Ribbon-like deposits of IgG are present along the glomerular capillary wall. Extraglomerular staining is not observed. (X500)
Fig. 7. Section of the same kidney as shown in Fig. 6, incubated first with a rat antiserum to brush border followed by staining with a
fluoresceinated antiserum to rat IgG. There is extensive binding of IgG at the luminal side of the proximal tubules. (X500)
along the BM of PT (Fig. 4). This IgG deposition
was most extensive in stage 3 and became less in
stage 4 (P < 0.002) (cf. Figs. 4 and 6).
At the onset of proteinuria, deposits of C3 were
found along the glomerular capillary wall in a distri-
bution similar to that of IgG (Fig. 3, inset). During
the subsequent course of the disease, staining of the
glomerular deposits for C3 became weaker and, in
stage 4, negative. C3 was bound to the BB in every
rat in which IgG was also bound to this structure
(Fig. 3, inset). Because the C3 antiserum bound to
tubular BM even of normal kidney sections, the
presence of C3 in the deposits along the BM of PT
in rats with HN could not be determined. Tubular
segments other than PT never had IgG or C3 depos-
its.
Studies by light microscopy. As has been de-
scribed before [6], the glomeruli developed lesions
characteristic of membranous nephropathy. The re-
sults of the study by light microscopy of PT and in-
terstitium during the course of HN are listed in Ta-
bles 3 and 4. The PT and interstitium of rats in stage
1 appeared normal (Figs. 8 and 9). In stage 2, the
most remarkable finding was the extensive destruc-
tion and loss of BB of PT (P <0.002) (Figs. 10 and
11). The lumen of PT frequently contained floccular
material. There were fewer apical vesicles than
there were in PT cells of rats immunized with com-
plete Freund's adjuvant only (P < 0.001). Prolifera-
tion of PT cells was suggested by an increased num-
ber of epithelial cells and of mitotic figures (Fig. 11).
Compared with rats treated with complete Freund's
adjuvant only, there was focal infiltration of mono-
nuclear cells in the interstitium (P < 0.001); cells
were seen also in the lumen of PT (P <0.001) (Fig.
12). In stage 3, the lumen of PT contained only
Table 2. Extent of in vivo IgG deposition along brush border and basement membrane
of proximal tubules in rats with Heymann nephritis'
Stage of
Heymann nephritis N
Immunofluorescence scor&'
Brush border
Granular deposits
along BM of PT
2 (proteinuria for ito 2 weeks)
2(proteinuriafor2to6weeks)
3 (proteinuria for 7 to 12 weeks)
4 (proteinuria for > 12 weeks)
5
7
11
17
2.8 0.2
2.3 0.2
2.0 0.2
0.8 0.2
0
0.4 0.4
1.2 0.4
0.3 0.2
a Values are the results of direct immunofluorescence tests performed on kidney tissue obtained at the time of sacrifice. Analysis of
data obtained from sequential kidney biopsies gave the same results.
Values are I SEM. Further details are provided in the Methods section. Abbreviations are: N, number of animals tested; BM,
basement membrane; PT, proximal tubule.
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Fig. 8. Light ,nicro graph of a normal rat kidney fixed in situ.
(Methylene blue, X300)
small amounts of floccular "debris." The damage of
proximal tubular epithelium was similar to that
found in stage 2. In stage 4, almost all PT had a
short and sparse BB (Fig. 13 and inset). Compared
with stage 3, there was an increase in the fraction of
PT with a normal amount of BB (P < 0.005) and in
the number of apical vesicles (P <0.05). There was
no significant change in the extent of interstitial cel-
lular infiltration or in number of cells in the lumen of
PT. The distal and collecting tubules were unre-
markable in all stages of HN.
Studies by transmission electron microscopy.
During the course of HN, the glomerular capillary
wall underwent the sequential phases of mem-
branous transformation" [27]. Eventually in stage 4
of HN, the glomerular BM was greatly thickened
and had a "moth eaten" aspect.
The ultrastructure of renal tubules and inter-
stitium of rats in stage I was normal. In stage 2 and
3, many epithelial cells of PT had partially or com-
pletely lost their BB. This loss was accompanied by
a pronounced decrease in the number of pinocytotic
vesicles, by disappearance of basal infoldings of the
Fig. 9. Light micrograph of a normal rat kidney. The proximal
tubular cells have a tall and uniform brush border and many api-
cal vesicles. (Methylene blue, X900)
plasma membrane, and by flattening of the epithe-
hal cells (Fig, 14). Some eithelial cells appeared to
be in early stages of differentiation, with few organ-
elles, sparse microvilli, and large nucleoli. Elec-
tron-dense deposits were found at the epithelial side
of the BM of PT. When small, they were in contact
with the basal part of the plasma membrane of the
epithehial cells or were present between the basal
infoldings of this membrane. Larger deposits were
present together with epithelial cellular fragments in
a widened subepithelial space. The BM of PT was
thickened, fuzzy, and wrinkled (Fig. 14). Especially
in stage 2, the lumen of PT contained large amounts
of rounded empty membrane structures, which
were probably fragments of microvilli (Fig. 15). In
addition to BB "debris," the lumen of PT contained
cells. Some of these cells had characteristics of epi-
thelial cells, sloughed off from the epithelial lining.
Others resembled monocytes or macrophages. The
definite origin of these latter cells could not be es-
tablished, however, by morphologic criteria. Mono-
nuclear cells were seen crossing the wall of pen-
tubular capillaries and infiltrating the interstitium.
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Fig. 10. Light micrograph of a kidney of a rat in stage 2 of Hey-
mann nephritis. The lumen of the proximal tubules contains
"debris." The brush border is frequently lacking, and only a few
apical vesicles are present; the epithelium is flattened. (Methylene
blue, x300)
Lymphocytes were observed between the BM and
the cells of PT or between epithelial cells. In stage 4
of HN, the PT exhibited less damage than it did in
stages 2 and 3. The number of PT with BB present
along the whole luminal circumference had consid-
erably increased. This BB was, however, shorter
than normal. In PT with BB, pinocytotic vesicles
and basal infoldings had reappeared. Electron-
dense deposits at the epithelial side of the BM of PT
were no longer detectable. At many sites, the BM of
PT was duplicated; the basal lamina directly under-
lying the epithelium had a normal aspect. The space
between the two BM was filled with granular mate-
rial of variable size and electron density. The distal
and collecting tubules were unremarkable.
Studies by scanning electron microscopy. In
stage 1, the BB of PT appeared normal (Fig. 16).
Early in stage 2, the microvilli present in some areas
were swollen, shortened (Fig. 17), or clumped to-
Fig. 11. Light micrograph of a kidney of a rat in stage 2 of Hey-
mann nephritis. There is "debris" in the lumen of proximal
tubules. The proximal tubular epithelial cell lining is irregular and
shows mitotic activity (arrows). Apical vesicles are absent where
the brush border is lacking. DT denotes distal tubule. (Methylene
blue, X900)
gether. Other tubular areas were partially devoid of
microvilli (Fig. 18). In late stage 2 and in stage 3, the
damage and loss of microvilli were most severe, and
"craters" were seen on the luminal surface of the
epithelium (Fig. 19). In stage 4, the microvilli ap-
peared shorter than normal, but the widespread le-
sions of stage 2 and 3 were no longer detectable.
Control experiments
Rats with chronic serum sickness nephritis. In
rats with CSS nephritis, the amount and fractional
composition (provided by Dr. Judith Van Liew) of
urinary protein excretion was similar to that found
in rats with HN (Fig. 20). Rats with CSS were sacri-
ficed after an average of 3.2 weeks of proteinuria.
Therefore, they were comparable with respect to
duration and composition of urinary protein excre-
tion to rats in stage 2 of HN. The glomerular capil-
lary wall of rats with CSS nephritis contained gran-
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Fig. 12. Light micrograph of a kidney of a rat in stage 3 of Hey-
mann nephritis. The lumen of proximal tubules contains cells.
The proximal tubules are almost totally devoid of brush border.
A lymphocyte is visible within the proximal tubular epithelium
(arrow). DT denotes distal tubule. (Methylene blue, x900)
ular deposits of BSA and rat IgG and C3, but these
proteins were absent from the BB and BM of the PT
(Fig. 21). In sharp contrast to the PT in rats in stage
2 of HN, the PT in rats with CSS were normal, with
the exception that the epithelial cells contained an
increased number of pinocytotic vesicles and
phagosomes (Tables 3 and 4) (Fig. 22).
Rats treated with complete Freund's adjuvant
only. When studied, these rats were of the same age
as rats in stage 2 or 3 of HN. They did not develop
proteinuria (Fig. 20); and by IF, light, and electron
microscopy their kidneys were normal (Tables 3
and 4).
Untreated, age-matched rats. To evaluate the ef-
fect of aging on the structure of PT, we studied the
kidneys of rats age-matched to rats in stage 4 of
HN. lgG and C3 were not deposited in the kidneys
of these rats. The untreated, old rats were found to
have a mild loss of BB (P < 0.02), a reduced num-
ber of apical vesicles in the cells of PT (P < 0.02),
and an increase in the number of cells in the lumen
Fig. 13. Light micrograph of a kidney of a rat in stage 4 of Hey-
mann nephritis. The proximal tubules have a short and sparse
brush border. (Methylene blue, x300) Inset A higher magnifica-
tion of the kidney of the same rat showing proximal tubules
with apical vesicles and a uniform brush border, which is shorter
than normal. The glomerular capillary wall is thickened. (Methy-
lene blue, x600)
of PT (P <0.02), when compared with rats in stage
I of HN, which were approximately 4 months
younger (Tables 3 and 4). The condition of the BB
was, however, significantly better in untreated rats
than it was in rats of a similar age, which had
reached stage 4 of HN (P < 0.02).
Discussion
The purpose of this study was to test the hypothe-
sis that BB antibodies may cause cytotoxic damage
of the PT in rats with HN. Support for this view was
provided by the following observations: First, all
rats with HN, when tested at the onset of protein-
uria, exhibited in vivo binding of IgG and C3 along
the BB of PT. Because BB antibodies were found
also in the urine of these animals, the deposits of
IgG were probably specific antibodies. Further-
more, IgG was not bound to the BB of rats with
CSS nephritis, which excreted similar amounts of
IgG (data supplied by Dr. Judith Van Liew). See-
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Fig. 14. Electron micrograph of a proximal tubule of a rat in stage 3 of Heymann nephritis. Part of the epithelial cell lining is flattened and
lacks brush border, apical vesicles, and infoldings of the basal plasma membrane. (X4000)
Fig. 15. Electron micrograph of a damaged proximal tubular brush border of a rat in stage 2 of Heymann nephritis. "Debris" and empty
membrane vesicles of various sizes, presumably of brush border origin, are present in the tubular lumen. (x 8000)
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Fig. 16. Scanning electron micrograph of proximal tubular brush
border of a normal rat (x20,000). The boxed area of the inset is
shown (xôOO).
ond, damage of the PT was most severe during the
first 12 weeks of proteinuria when the titer of circu-
lating antibodies was high; in rats with proteinuria
for more than 12 weeks, a partial recovery of the PT
coincided with the gradual disappearance of anti-
bodies from the circulation. Thus, there was a clear
relationship between the severity of proximal tubu-
lar lesions and the presence of antibodies able to
bind to the BB in proteinuric rats. Third, the ab-
sence of proximal tubular lesions in rats with CSS
nephritis with a similar urinary protein excretion in-
dicates that PT damage in HN could not be attrib-
uted to proteinuria alone. Similarly, aging or injec-
tion of complete Freund's adjuvant also could not
account for the extensive proximal tubular altera-
tions observed in rats with HN. Fourth, the tubular
changes in kidneys of rats with HN were confined
to the PT, implying a pathogenetic mechanism that
specifically affected PT. Although these findings
strongly suggest that BB antibodies may induce
cytotoxic lesions of PT in female Lewis rats with
HN, final confirmation of this interpretation might
Fig. 17. Scanning electron micrograph of the luminal side of a
proximal tubule of a rat in stage 2 of Heymann nephritis. The
microvilli are shortened, swollen and, in some areas, clumped
together (x20,000). The boxed area of the inset is shown (x600).
be expected to come from passive transfer experi-
ments, which are presently in progress in our labo-
ratory.
The precise mechanism by which antibodies may
cause proximal tubular damage is not clear. The
finding of C3 together with IgG on the BB suggests
that C activation may be important. It may be, how-
ever, that binding of antibody alone to the plasma
membrane is sufficient to provoke changes of proxi-
mal tubular cells. In addition, cell-mediated cyto-
toxicity may have contributed to the lesions of PT.
Consistent with this interpretation was the observa-
tion of lymphocytes and monocytes between proxi-
mal tubular cells and the presence of cells resem-
bling monocytes or macrophages in the lumen of PT
[18]. Intraluminal cells may have been derived from
mononuclear cells infiltrated in the interstitium, a
possibility strengthened by the correlation observed
in individual rats with HN and CSS nephritis, be-
tween the severity of interstitial cellular infiltration
and the number of cells seen in the lumen of PT
(unpublished observations).
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Fig. 18. Scanning electron micrograph of the luminal side of a
proximal tubule of a rat in stage 2 of Heymann nephritis. The
proximal tubule is partially devoid of brush border (x20,000).
The boxed area of the inset is shown (x600).
Our observations indicate that the damage of
proximal tubular cells in HN is initiated at the BB.
By electron microscopy, the BB seemed to become
swollen and fragmented into small pieces, which
were seen in the lumen of PT as vesicles of various
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Fig. 19. Scanning electron micrograph of the luminal side of a
proximal tubule of a rat in stage 3 of Heymann nephritis. The
sparse microvilli are short, swollen and agglutinated. In addition,
"craters" are visible (x20,000). The boxed area of the inset is
shown (x600).
sizes composed solely of plasma membrane. Asso-
ciated with the destruction of BB was a disappear-
ance of apical vesicles, which suggests that the pro-
cess of pinocytosis requires an intact BB. Other,
probably secondary, proximal tubular abnormal-
• Rats with chronic serum sickness
o Age-matched normal rats
* Rats injected with CFA
0 2 4 6 8 10 12 14 16 18 20 22
Time, weeks
Fig. 20. The mean values of protein excretion in the urine in control rats. CFA denotes complete Freund's adjuvant.
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Fig. 21. Section of kidney of a rat with chronic serum sickness
nephritis stained by the direct immunofluorescence technique for
rat IgG. Granular deposits of this protein are present along the
glomerular capillary wall. Extraglomerular staining is not ob-
served. (x500)
ities included flattening of cells, loss of the basal in-
foldings of the plasma membrane, sloughing of cells
into the tubular lumen, and cellular hyperplasia.
As has been reported previously [18, 19, 28],
granular deposits of lgG may be seen along tubular
BM in rats with HN. In the present investigation,
the IgG deposits observed by immunofluorescence
microscopy were found to correlate with foreign de-
posits seen by electron microscopy at the epithelial
side of the BM of PT; they were not detected along
the BM of distal and collecting tubules. The appear-
ance of the immune deposits at the BM of PT was
preceded by binding of IgG to BB. Furthermore,
late in the course of HN, with little or no circulating
BB antibodies, immune deposits along the BM of
PT were no longer detectable by either IF or elec-
tron microscopy. In this experimental model, the
immune deposits along the BM of PT could have
resulted from in situ formation of immune com-
plexes, composed of BB antigens and correspond-
ing antibodies. This explanation is favored by the
concomitant disappearance of these deposits and
circulating BB antibodies. It is conceivable that BB
antigens "leaking out" of damaged proximal tubu-
lar cells combined at the epithelial side of the BM
with antibodies coming from the circulation [29].
This mechanism would account for the lag period
between binding of IgG to the BB and the formation
of the immune deposits along the BM of PT. A simi-
lar interpretation has been suggested to explain the
formation of immune deposits along the BM of tu-
bules in rabbits immunized with homologous kidney
extracts [29] and in rats immunized with Tamm-
Horsfall protein [30]. Alternatively, as postulated in
CSS nephritis [25], the extraglomerular immune de-
posits in HN might have been the consequence of
local deposition of circulating immune complexes.
In CSS nephritis, however, the immune deposits
may also be found in the wall of peritubular vessels,
in the interstitium, or along the BM of distal and
collecting tubules. Such deposits were never seen in
HN.
Table 3. Damage of the brush border of proximal tubulesa
.Duration of
proteinuria
Percent of tubules showing variou
-___________________
s degrees of brush border loss'
More than Between Between Less than
Treatment N weeks 75% 50—75% 25—50% 25%
Heymann nephritis
stage 1 5 0 0 0 0.6 0.6 99.4 0.6
stage 2 7 4.4 0.6 29.4 5.3 37.0 2.5 25.4 3.2 8.3 3.7
stage 3 5 10.2 0.6 39.8 16.0 31.0 7.8 23.0 10.0 6.0 3.9
stage 4 7 17.9 0.2 11.0 6.3 25.7 6.3 32.9 3.0 30.4 8.2
CSSnephritis 5 3.2 1.0 0 0.6 0.6 2.2 1.5 97.2 2.1
CFA only 5 0 0 0 10.2 6.2 90.0 6.2
Untreated 3 0 0 8.3 3.3 16.0 7.2 76.0 4.6
a Values are the means SEM. Abbreviations are N, number of animals tested; CSS, chronic serum sickness; CFA, complete Fruend's
adjuvant.
The brush border loss was expressed as a percentage of brush border absent in an individual tubule. Further details are provided
under Methods.
Normal, untreated rats that were age-matched to rats in stage 4 at the time of sacrifice
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Table 4. Histopathology of proximal tubules and interstitiuma
Treatment N
Duration of
proteinuria
weeks
Apical vesicles in
proximal tubules
Interstitial
cellular
infiltration
Cells in the lumen
of proximal tubules
Heymann nephritis
stage 1
stage 2
stage 3
stage 4
CSS
CFA only
Untreatedb
5
7
5
7
5
5
3
0
4.4 0.6
10.2 0.6
17.9 0.2
3.2 1.0
0
0
2.9 0.1
1.1 0.3
0.4 0.2
1.2 0.3
3.4 0.5
2.9 0.1
1.5 0.3
0
1.1 0.3
2.0 0.1
1.5 0.3
0.4 0.2
0
0
0.1 0.05
1.6 0.5
1.8 1.0
1.0 0.5
1.4 0.8
0.2 0.1
1.4 0.6
a Values are the means SEM. Abbreviations are: N, number of animals tested; CSS, chronic serum sickness; CFA, complete
Freund's adjuvant. Further details are given in Methods.
b Normal, untreated rats that were age-matched to rats in stage 4 at the time of sacrifice.
Many models of experimentally induced damage
of PT have been described [3 1-41]. In situ fixation
of the kidney, which is necessary for precise evalu-
ation of proximal tubular structure, was not per-
formed, however, in several studies. This makes it
difficult to compare the proximal tubular lesions
seen in some of these models with those observed in
HN. The present study, as well as a recent report
from another laboratory [39], indicates that tubular
lesions similar to those seen in HN may be found in
Fig. 22. Light micrograph of a kidney of a rat with chronic serum
sickness nephritis. The proximal tubules have a normal brush
border and an increased number of apical vesicles, (Methylene
blue, X900)
old rats. In aging rats, however, these alterations
are focal in nature, and not diffuse as in rats with
HN. Furthermore, alterations of PT in old rats are
not associated with binding of IgG to the BB of PT.
In man, as well as in animals, two antibody-de-
pendent tubulointerstitial diseases have been de-
scribed: one mediated by antibodies reacting with
tubular BM, the other by deposition of circulating
immune complexes in the interstitium and along
tubular BM [35]. The results of the present study
indicate that antibodies to the BB of PT may induce
tubular lesions. The changing pattern of proximal
tubular lesions observed during the course of HN
should be considered when these animals are used
for studies of renal pathophysiology; failure to do so
may explain the conflicting results obtained in the
studies reported so far [18, 20].
The role of BB antibodies in the pathogenesis of a
few forms of human glomerulonephritis is still de-
bated [42-46]. Recently, circulating BB antibodies
have been detected in patients bearing kidney allo-
grafts [47]. Damage of PT by these antibodies has
not been documented, however. The observations
in HN could help to identify similarly induced tubu-
lar changes in man.
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